Abstract. A new method of performing an artificial star test (AST) for crowded field stellar CCD photometry is proposed. This AST method is superior in the cases when it is necessary to account for varying photometric quality across the study field, arising due to crowding variations. For this purpose, the color-magnitude diagrams (CMDs) of AST stars with statistically reliable error estimates, as well as completeness maps, can be generated at a required spatial resolution.
INTRODUCTION
The point spread function (PSF) based CCD photometry in crowded stellar fields suffers usually two main limitations -the unknown real photometric accuracy and unknown completeness at any arbitrary location in the study field. Therefore, a proper account of this problem and the corresponding corrections are needed in order to efficiently use stellar photometry data, e.g., in resolved galaxy studies, such as related to star formation history, stellar luminosity and mass functions, or in other applications, which require knowledge of the photometry completeness and photometric accuracy for different crowding conditions. The AST procedure is straightforward once the PSF models and photometric calibrations are available. However, AST stars should not change crowding conditions, i.e., self-crowding of the AST stars is not allowed. Therefore, to have reliable statistical results, numerous AST iterations are required and the procedure becomes computationally expensive (see, e.g., Holtzman et al. 2006; de Boer et al. 2012) .
Recently, we published B, V, I stellar photometry data in the field (20 × 24 ) positioned on the Leo A galaxy, which was observed with the Subaru Telescope equipped with a Suprime-Cam mosaic camera (Stonkutė et al. 2014) . In the present paper, we use these observational data to demonstrate the capabilities of the proposed AST method. This method was also successfully applied to study an extended star cluster discovered in the M33 halo (Stonkutė et al. 2008 ).
AST METHOD
We performed AST simulations within a rectangular field of 13 ×9 , positioned on Leo A. This field contains areas of various crowdedness and extends beyond the limits of the Leo A galaxy itself (Vansevičius et al. 2004) . A spatial grid (100×80) of 8 000 AST stars was placed in the field at a separation of ∼7 between the stars, i.e., ∼10 × FWHM (no self-crowding effect is expected). In order to make the AST star grid denser, we repeated the AST two times. New positions of the AST stars were selected by shifting the entire AST star grid diagonally, i.e., by ∼3.5 in both coordinates. This resulted in a total number of 16 000 AST stars uniformly sampling the field for each pre-selected CMD reference point (Fig. 1) .
The CMD was sampled at 34 reference points, chosen in the representative color-magnitude locations (main sequence, blue-loop, giant stars), see Fig. 1 where the open circles indicate the AST input. We used addstar routine in DAOPHOT (Stetson 1987) implemented in the IRAF software package (Tody 1993) to place AST stars into frames, applying individual PSF models to each CCD and each exposure.
The individual frames filled up with AST stars were analyzed following exactly the same procedure as it was applied to the original frames, i.e., starting with object detection, performing PSF model fitting, transforming the coordinates to the global coordinate system and magnitudes to the standard system. For each of the 34 reference points, photometric catalogs of the detected AST stars were produced by matching them with the input AST list and allowing a maximum coordinate difference of 0.3 .
The measured AST stars are used to derive estimates of the completeness of photometry, c = N r /N i ×100% (N i and N r are the numbers of input and measured AST stars, respectively), as a function of magnitude and field crowding, see Fig. 2 .
This AST procedure does not involve any simplifications or approximations, therefore, it provides a reliable assessment of object detection and photometry. The AST stars can be used to derive the completeness of photometry and the photometric accuracy at each location in the studied field.
Extensive AST simulations were performed automatically by using custombuilt IRAF CL scripts and programs external to the IRAF software packages.
RESULTS AND CONCLUSIONS
The CMDs illustrating the validity of the ATS method applied to the Leo A galaxy are shown in Fig. 1 . The resolved stellar photometry inside the central ellipse of the galaxy, a < 2.0 (marked in Fig. 2a with a white line), and that in the elliptical ring, 5.3 < a < 6.0 , are presented in the left-hand panels (a) and (d), respectively. Plotted in the middle panels are the measured AST stars for 34 CMD reference points inside the central ellipse (panel b) and in the elliptical ring (panel e). Here, the value for the ellipticity (the ratio of minor to major axis), b/a = 0.6, and the position angle of the major axis P.A. = 114
• are adopted according to Vansevičius et al. (2004) .
In the right-hand panels (c and f) of Fig. 1 , the input locations of the AST stars (CMD reference points) are shown as black points; the error bars indicate the measured median color-magnitude values and standard deviations of the AST stars; the numbers indicate the completeness of photometry in percents. Note, however, that the I-passband median values of the faintest AST stars are systematically brighter in both crowded (panel c) and sparse (panel f) fields. panels (a, b, c) show the results inside the ellipse centered on Leo A; the semi-major axis a = 2 , the ellipticity b/a = 0.6, and the position angle of the major axis P.A. = 114
• are from Vansevičius et al. (2004) . The bottom panels (d, e, f) show the results in the elliptical ring centered on Leo A, 5.3 < a < 6.0 . AST was performed for 34 reference color-magnitude pairs shown in the CMDs. Panels (a, d) represent real star photometry (black solid points), with the input locations of AST stars marked with open circles. Panels (b, e) represent measured AST stars, at each input location 16 000 stars were simulated; input CMD points are shown by black solid circles. In panels (c, f), the color-magnitude median values of the measured AST stars are plotted with error bars; input CMD points are shown by black solid circles; the numbers indicate the completeness of photometry in percents. Fig. 2 . Examples of the photometry completeness (%) maps derived from the AST simulations performed on the Subaru Suprime-Cam frames of the Leo A galaxy. Panel (a) shows I-passband single CCD frame; the semi-major axis of the ellipse centered on Leo A is a ∼ 2 (white line). Panels (b-f) display the photometry completeness maps derived from the measured AST stars for the input magnitudes I ∼ 24. 9, 23.8, 23.3, 22.6, 22.1, respectively. In Fig. 2, panel (a) shows part of the studied field, well positioned on the Leo A galaxy. In the remaining panels (b-f) of Fig. 2 , the distributions of the completeness of photometry, shown for five I-passband magnitudes, illustrate the performance of the proposed AST method in sparse and crowded fields. Strong variations in the distributions across the field suggest that the completeness of photometry in the fields of variable crowding has to be estimated at each particular location directly, i.e., without assuming symmetry or heavy smoothing. Therefore, the proposed AST method is applicable for a wide range of photometric surveys covering areas of high stellar density.
The output results of the proposed AST method quantify reliably the photometric errors, photometry confusion limits, and completeness, making the interpretation of the observational data via isochrone fitting more feasible and better constrained. For the purpose of a more sophisticated CMD analysis, e.g., in re-covering the star formation histories via Hess diagram fitting, the AST results can be easily interpolated in the color-magnitude space.
